hen dark-adapted plants are illuminated, they do not immediately commence CO 2 fixation at maximal rates 1 . Rather, an induction period generally lasting several minutes is observed. The lag period is thought to reflect the autocatalytic build-up of the chloroplast 3-phosphoglycerate pool in the Calvin-Benson cycle to steady state levels 1, 2 . Thus, the turnover of reduced NADPH is initially limited by the low concentration of 3-phosphoglycerate leading to a transient overreduction of the stroma 1, 2 . Autocatalysis is associated with a higher demand for ATP since initially all the glyceraldehyde-3-phosphate is regenerated into ribulose-1,5-bisphosphate rather than a proportion (one-sixth) being exported from the chloroplast, as during the steady state. This raises the required ATP/NADPH ratio from 1.5 to 1.6 1 . The reduction of the stroma and increased ATP requirement coincide with a higher rate of CET during induction 3, 4 . CET cycles electrons from the photosystem I (PSI) acceptor side back to plastoquinone (PQ), cytb 6 f and plastocyanin (PC) thereby forming Δ pH and ATP without net NADPH production, modulating the ATP/NADPH ratio to meet metabolic demand 5, 6 . CET plays an important role during induction; it allows electrons to be recycled since nicotinamide adenine dinucleotide phosphate (NADP + ) is limiting and thereby allows Δ pH generation for downregulation of PSII by non-photochemical quenching (NPQ), protection of PSI from overreduction by slowing the turnover of the cytb 6 f complex and for the additional ATP synthesis required for autocatalysis [7] [8] [9] . Two pathways of CET exist in plants involving the Proton Gradient Regulation (PGR5/PGRL1) and the NADPH dehydrogenase-like (NDH) complexes 5, 6 . The PGR5/PGRL1 pathway is the major contributor to CET in Arabidopsis and spinach, and mutants lacking either protein show lower Δ pH levels, reduced electron transfer capacity in moderate and high light and increased susceptibility to photo-oxidative stress particularly in fluctuating light [7] [8] [9] . Debate continues as to the exact role played by PGR5/PGRL1 in CET. In one view, PGR5/PGRL1 is suggested to be an antimycin A-sensitive ferredoxin-PQ oxidoreductase 8 . Alternatively, it has been proposed that PGR5/PGRL1 may influence CET and indeed LET via regulation of the cytb 6 f and ATP synthase complexes 7, 10 . The other CET pathway involves the NDH complex, a large multisubunit ferredoxin-PQ oxidoreductase that can also pump protons directly to the thylakoid lumen 11 and seems to be particularly important under low light conditions 12 .
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Proper activation of CET requires 'redox poise'; that is, the maintenance of a pool of relatively oxidized PQ to accept electrons from the PSI acceptor side under conditions where PQ should be largely reduced 4, 5 . How this can be achieved is a matter of some debate. In the green alga Chlamydomonas PGRL1 forms a supercomplex with cytb 6 f and PSI, which could trap a sequestered pool of oxidized PQ 13, 14 , but in plants no such complex has been found. Alternatively, it has been suggested that thylakoid membrane stacking leads to the isolation of separate PQ pools in the grana and stromal lamellae regions that only slowly equilibrate 15, 16 . Thylakoid structure is influenced by the phosphorylation levels of PSII and LHCII, which regulate the surface charges of these complexes and so the cation dependency of stacking 17 . Phosphorylation of LHCII and PSII is controlled by the STN7 and STN8 kinases, which have some overlap in their specificity 18, 19 . STN7 phosphorylates LHCII subunits Dynamic thylakoid stacking regulates the balance between linear and cyclic photosynthetic electron transfer . The PBCP and TAP38 phosphatases desphosphorylate the PSII and LHCII subunits, respectively 20, 21 . Constitutive dephosphorylation of LHCII in Δ STN7 and PSII D1 and D2 subunits in Δ STN8 Arabidopsis mutants leads to larger grana stacks, while constitutive phosphorylation of LHCII in Δ TAP38 and of PSII in Δ PBCP leads to smaller grana [21] [22] [23] . Dynamic changes in grana size and stacking have also been reported upon transitions in light intensity 24, 25 . Dark, very low light and high light conditions favoured larger, more stacked grana whereas moderate light conditions (100-200 μ mol photons m −2 s −1 ) favoured smaller, more numerous grana 24, 25 . Similarly, under natural white light conditions maximal LHCII phosphorylation peaks under moderate light, with dephosphorylation occurring under dark, very low light and high light conditions 26 . PSII and LHCII phosphorylation are also known to affect the antenna sizes of PSI and PSII via a mechanism known as state transitions, which is provoked by changes in light colour rather than quantity in plants 27 . Yet the relationship between PSII/ LHCII phosphorylation, grana stacking and the LET/CET balance in plants is not understood. Here, we address this deficiency using a combination of biochemical, microscopic and spectroscopic methods to compare dark-and growth light-adapted spinach plants.
Characterization of light and dark thylakoids
Thylakoid membranes were prepared from 5-week-old spinach plants grown at a moderate white light intensity of 200 μ mol photons m −2 s −1
. Light-adapted thylakoids were prepared from plants exposed for 1 hour to this growth light intensity, while dark-adapted plants were prepared after 1 hour of darkness. As expected, the thylakoid composition of these two samples as judged by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was identical (Fig. 1a) , but their phosphorylation states revealed by Pro-Q diamond phosphoprotein staining were quite different (Fig. 1b) . LHCII phosphorylation was increased and CP43 phosphorylation was decreased in the light compared to dark thylakoids, while phosphorylation of D1 and D2 was less dramatically affected (Fig. 1b) , consistent with previous observations upon transition from dark to light 26, 28 . Comparison of the low temperature (77 K) fluorescence emission spectrum of the light and dark thylakoids revealed only a minor change in the PSI emission at 735 nm relative to the PSII emission bands at 685 and 695 nm (Fig. 1c) , a clear contrast to the situation observed during state transitions provoked by changes in light colour, far-red to white or far-red to red/blue, where a significant increase is seen 27, [29] [30] [31] . Consistent with this, we detected no significant change in the size of the PSI or PSII antenna by 77 K fluorescence excitation spectroscopy, which would be observed as relative increases or decreases in excitation arising from the chlorophyll b regions of the spectrum at ~ 470 and ~ 650 nm (Fig. 1d,e) . These findings were separately confirmed by PSI P700 absorption spectroscopy ( Supplementary Fig. 1a ) and fast PSII fluorescence induction ( Supplementary Fig. 1b) . We next investigated the distribution of LHCII between the grana and stromal lamellae thylakoids by fractionation of the membrane using the mild detergent digitonin. SDS-PAGE analysis of the grana and stromal lamellae fractions (Fig. 1a) indicated that the grana were relatively enriched in PSII and LHCII subunits compared to the thylakoids, while the stromal lamellae were more enriched in polypeptides belonging to PSI and ATP synthase. Western blotting confirmed that the cytb 6 f complex was found in both the grana and stromal lamellae fractions with a slight preference for the latter (Fig. 1b) , but no differences in the distribution were found between light and dark conditions. The SDS-PAGE (Fig. 1a) showed little change in the LHCII content of the grana or stromal lamellae upon shift from dark to light, further supported by the lack of change in the chlorophyll b contribution to their absorption spectra (Fig. 1f) . Thus, the change in phosphorylation pattern associated with the transition from dark to light does not trigger any redistribution of LHCII between grana and stromal lamellae, unlike the state transition, where redistribution has been detected 32 . We next investigated the organization of photosynthetic complexes within the grana and stromal lamellae domains by solubilizing them and separating the components using blue native polyacrylamide gel electrophoresis (BN-PAGE) (Fig. 1g) . The stromal lamellae were solubilized in 2% digitonin and the banding pattern revealed that the major constituents of these membranes were PSI-LHCI complexes, ATP synthase, PSII monomers, cytb 6 f dimers and LHCII trimers (Fig. 1g, Supplementary Fig. 1 ). The grana fraction is resistant to digitonin and so was solubilized in a blend of 0.5% n-hexadecyl β -d-maltoside/0.2% n-dodecyl α -d-maltoside. This causes a slightly increased migration for the complexes compared to digitonin (Fig. 1g) . The composition of the grana was quite different as expected with major bands corresponding to PSII-LHCII supercomplexes, PSII dimers and monomers, cytb 6 f dimers and LHCII trimers (Fig. 1g, Supplementary Fig. 1c-f) . A fraction of PSI-LHCI complexes was also observed in the grana sample, probably corresponding to a fraction of PSI more closely associated with the grana, that is often referred to as the 'margins' (Fig. 1g , Supplementary  Fig. 1 ) 25 . No differences in the amount of PSII-LHCII supercomplexes were observed in light-treated samples, but there was a strong increase in the amount of PSI-LHCI-LHCII supercomplexes in both the grana and stromal lamellae fractions, as well as a lowered level of oligomeric PSI-LHCI complexes (Fig. 1g , Supplementary  Fig. 1c,d ). Since the overall distribution of LHCII between the grana and stromal lamellae was unaltered, the LHCII required for formation of the PSI-LHCI-LHCII supercomplex most likely comes from the pre-existing pool of 'free' (L-type) LHCII trimers within these domains. Indeed, the stromal lamellae were recently reported to contain a significant amount of LHCII trimers in both the dark and light conditions 33 .
Macromolecular organization of grana thylakoids
We next investigated how the light-to-dark transition affected the organization of PSII complexes, using atomic force microscopy (AFM) to image the grana membranes under aqueous buffer (Fig. 2a,b) . As shown previously [34] [35] [36] , the grana thylakoids are double membrane layers ~ 19.5 nm in height above the mica support (Fig. 2c , cross-sections marked in Fig. 2a,b ). The subnanometer vertical resolution of the AFM is sufficient to identify protein complexes based on their high-resolution atomic structures. The faces of the grana thylakoids were covered with dimeric particles with heights of 4.1 ± 0.3 nm and 3.1 ± 0.3 nm above the surrounding membrane (Fig. 2d) ; these assignments are consistent with the lumenal protrusions of the PSII-LHCII supercomplexes 37 (h 1 in Fig. 2e ) and cytb 6 f 38 (h 2 in Fig. 2e ) complexes, respectively, and these assignments were recently confirmed by affinity-mapping AFM 35 . Analysis of the particle height distributions showed no significant difference between light and dark grana (Fig. 2d, Supplementary table 1) , consistent with the unchanged levels of cytb 6 f and PSII complexes (Fig. 1a,g ). However, comparison of the nearest neighbour distributions of the particles on the grana membranes did reveal a significant difference (Fig. 2f, Supplementary table 1) . The particles were more widely spaced in the light-adapted membranes compared to the dark. Given the unchanged relative amounts of the C 2 S 2 and C 2 S 2 M PSII-LHCII supercomplexes (Fig. 1g) , this suggests that in the light the PSII-LHCII supercomplexes and cytb 6 f become better mixed with the L-type LHCII trimers, which do not significantly protrude from the membrane surface [34] [35] [36] .
Macromolecular organization of stromal lamellae thylakoids
The protein organization within the dark-and light-adapted stromal lamellae membranes was also investigated by AFM (Fig. 3a,b) . The stromal lamellae thylakoids ranged in diameter from ~ 100-350 nm
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and were ~ 10 nm in height, with some larger topographic features 15.4 ± 2.0 nm in height (Fig. 3c) . Mostly, the stromal lamellae thylakoids are covered in particles that measured 3.2 ± 0.6 nm in height above the surrounding membrane (Fig. 3d) , features that correspond well with the 3.2 nm height of the membrane extrinsic PsaC, D and E subunits on the stromal face of PSI-LHCI supercomplex from pea 39 (h 1 in Fig. 3e ) and in AFM images of PSI from spinach 36 , cyanobacteria 40 and observed in two-dimensional crystals of detergent-purified PSI-LHCI supercomplexes 41 . Figure 1b indicates that cytb 6 f is present in our stromal lamellae thylakoids, but this proved more difficult to assign in our AFM images, probably owing to the small topographic features of cytb 6 f on the stromal side of the membrane (h 2 in Fig. 3e ). However, a discrepancy in the total height above the mica surface of the PSI-LHCI features (10.2 ± 0.6 nm, h 3 in Fig. 3e ) to that predicted from the atomic structure 39 (8.2 nm h 4 in Fig. 3e ) can be explained by the presence of cytb 6 f protruding on the lumenal side of the stromal lamellae membranes and thus elevating PSI. If we assume the membrane is 4 nm in thickness [34] [35] [36] (h 5 in Fig. 3e ), and the atomic structure of PSI-LHCI has a 1 nm protrusion on the lumenal side of the membrane (h 6 in Fig. 3e ), the protein responsible for the additional elevation from the mica surface must possess lumenal protrusions of 3.1 nm, which is consistent with cytb 6 f (h 7 in Fig. 3e ) 38 . Together, heights h 1 , h 5 and h 7 in Fig. 3e would account for the measured height of 10.2 ± 0.6 nm (h 3 ) above the mica surface, assigned as the PSI-LHCI supercomplex. Much larger protrusions that averaged 7.4 ± 1.4 nm in height are also present on the stromal lamellae thylakoids (Fig. 3a,b,d ), which may be the CF 1 domain of the ATP synthase complex. The atomic Fig. 3e ). On this basis, the observed protrusion seems too small to be the ATP synthase; however, AFM analysis of purified B. taurus ATP synthase complexes incorporated into a lipid bilayer adsorbed onto mica showed a similar appearance and measured 7.3 ± 0.9 nm in height above the surrounding membrane ( Supplementary Fig. 2a-c) , consistent with the 7.4 nm features in the AFM topographs of stromal lamellae thylakoids. The purified ATP synthase and the 7.4 ± 1.4 nm protrusions seen in stromal membranes also showed similar diameters ( Supplementary Fig. 2d ). We therefore suggest that the 7.4 ± 1.4 nm features are the ATP synthase CF 1 domain (h 9 in Fig. 3e ), which is 
smaller than expected due to reversible deformation upon contact with the downward motion of the AFM probe. The distributions in the particle heights for stromal lamellae membranes from the lightor dark-treated thylakoids were not significantly different (Fig. 3d , Supplementary table 2), consistent with their unchanged composition (Fig. 1a,g ). A significant difference was found in the nearest neighbour distributions in the light and dark stromal lamellae thylakoids ( Fig. 3f) , suggesting that PSI particles adopt a tighter packing in the dark. A portion of the PSI in the thylakoid fractionates with the grana membranes (Fig. 1a,g ). AFM images showed that this PSI population arises from grana membranes that are still contiguous with adjoining stromal lamellae membranes ( Supplementary  Fig. 3a) . Comparison of the nearest neighbour distance between these regions and the stromal lamellae fraction suggests they have a similar organization ( Supplementary Fig. 3b ).
Dimeric arrangement of PSI-lHCI complexes
We noticed a tendency for the PSI particles in our AFM images to form dimeric pairs in many of the images (Fig. 4a) , with a consistent spacing of 12.4 ± 1.0 nm (Fig. 4b) . In contrast to the dimeric, trimeric and tetrameric structures of PSI in cyanobacteria 43 , plant PSI purifies and crystallizes as a monomer 39 . Using the atomic structure of monomeric PSI-LHCI we modelled possible arrangements of the dimers in Fig. 4c -e and show the intercomplex distance measured from one protruding PsaC subunit to another. The dimers we observe in the membrane are most consistent with a model in which PSI-LHCI supercomplexes are arranged with their PsaB to PsaH subunits facing one another (Fig. 4c) . Dimers of PSI-LHCI supercomplexes with this spacing are consistent with a single-particle electron microscopy structure recently isolated in low abundance from the stromal lamellae using the detergent digitonin 44 .
Our results indicate that this dimeric PSI supercomplex is relatively common in the intact membrane and it can even form ordered rows (Fig. 4a) . Comparison of the number of PSI-LHCI dimers in darkand light-adapted membranes revealed a significant decrease in the latter (Supplementary table 2) ; consistent with this, the amount of oligomeric PSI-LHCI recovered in the BN-PAGE gels of stromal lamellae also decreases in the light-adapted state (Fig. 1g) .
thylakoid stacking changes
We investigated the response of thylakoid stacking to the dark-tolight transition using both structured illumination microscopy (SIM) and thin-section transmission electron microscopy. SIM excites the sample with a series of precisely known illumination patterns, allowing reconstruction of a high-resolution optical image, with twofold increase in resolution, in each lateral direction, compared to confocal fluorescence microscopy and for three-dimensional volumetric imaging there is an overall eightfold improvement; typical resolutions are ~ 120 nm (xy) and ~ 320 nm (z) 45 . SIM allows the three-dimensional imaging of intact chloroplasts without the use of fixatives or dehydration as used in thin-section electron microscopy. The samples were excited with 640 nm light and the chlorophyll emission collected between 660 and 700 nm. The images shown in Fig. 5a are consecutive slices 125 nm in depth, through intact chloroplasts from light-and dark-adapted plants. The bright fluorescent regions are the PSII-dominated grana membranes, while the less fluorescent spindly interconnecting regions are the stromal lamellae. Analysis of the grana diameter using the full-width at half-maximum of the signal from each granum revealed a significant decrease in light-compared to dark-adapted samples (Fig. 5b,  Supplementary table 3) , while the number of grana per chloroplast increased (Fig. 5c, Supplementary table 3) . We confirmed these changes using thin-section electron microscopy on leaves (Fig. 5d,e) ; in light versus dark chloroplasts the layers per granum (Fig. 5f ) and grana diameter decreased ( Supplementary Fig. 4a ) and the number of grana per chloroplast increased ( Supplementary Fig. 4b ). These changes significantly increase the number of grana end membranes; that is, the membranes at the very top and bottom of the grana stack, which have a similar or identical composition to the stromal lamellae but are in close contact with grana membranes across the lumenal gap. Moreover, the relative area of contact between grana and stromal lamellae membranes is increased by the smaller granal size. It was previously reported that a dark-to-light transition results in the expansion of the thylakoid lumen 46 ; however, under our conditions this was not the case ( Supplementary Fig. 4c-f) , which may reflect the lower light intensity used in this study. We also checked that phosphorylation was directly responsible for the changes in 
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thylakoid architecture by infiltrating light-adapted leaves in a buffer with and without NaF to inhibit dephosphorylation, before dark adapting them for a further hour, giving two samples we term Light/Dark-NaF (Fig. 5g) and Light/Dark+ NaF (Fig. 5h) . The Light/Dark+ NaF leaves showed features consistent with those of light-adapted leaves with smaller grana compared to the Light/ Dark-NaF leaves (Fig. 5i) , suggesting that the stacking changes are due to phosphorylation.
Effects on electron transfer and photoprotection
The net result of the stacking changes we observe is a reduction in the average distance from a complex localized within the grana to one localized within the stromal lamellae. This change has the potential to affect diffusion-limited electron transfer processes mediated by the PQ and PC carriers within the thylakoid membrane 47 . Indeed, PC diffusion is further assisted by the increased number of grana end membranes, which directly face grana membranes across the lumen. Therefore, we sought to model how these changes in thylakoid architecture might affect the diffusion of PQ and PC through the membrane bilayer and in the lumen, respectively. We used our AFM data to construct a three-dimensional model of the lumenal space, which is crowded by the protruding parts of cytb 6 f and PSII, and performed a Monte Carlo simulation of PC diffusion within this space (Fig. 6a) . The simulation suggests a 25% decrease in the time taken for PC to diffuse from cytb 6 f in the grana to PSI in the stromal lamellae in light-compared to dark-adapted thylakoids (Fig. 6b) , independent of the total interface size used between the domains ( Supplementary Fig. 5a ) and considering the increase in axial short-range diffusion to grana end membranes in the light (Supplementary Fig. 5b and see Methods). Monte Carlo simulations, again based on our AFM data, also predicted 13.4% faster PQ diffusion through the membrane from PSII in the grana to cytb 6 f in the light-adapted thylakoids (Fig. 6c) , again independent of the total interface size used (Supplementary Fig. 5c ). Consistent with these predictions of faster diffusion of electron carriers we found that PSI reduction following a 250 ms saturating light pulse was significantly faster in the light-adapted leaves, suggesting enhanced electron flow to PSI (Fig. 6d) . PSI reduction was faster in the light-adapted leaves both in the presence of methyl viologen as a PSI electron acceptor, which removes any differences arising from CET contribution and/or Calvin-Benson cycle activation between the samples (Fig. 6d) , as well as in its absence (Supplementary Fig. 5d ). The difference was also maintained in Light/Dark+ NaF leaves compared to Light/Dark-NaF leaves in the presence of methyl viologen (Fig. 6e) . 
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These results suggest that the smaller, more numerous stacks in light-adapted and Light/Dark+ NaF leaves speed up the electron flow to PSI, consistent with the simulation.
PSI reduction was previously shown to be enhanced in darkcompared to light-adapted leaves following far-red illumination, conditions that preferentially excite PSI 4, 48 . The enhanced reduction of PSI under far-red was attributed to an increased contribution of CET 4, 48 . Consistent with these findings, we observed faster PSI reduction in the dark-compared to light-adapted leaves following far-red illumination (Fig. 6f) . However, we also found that PSI reduction following far-red light was significantly faster in the Light/Dark-NaF compared to Light/Dark+ NaF leaves (Fig. 6g) , suggesting that the larger grana stacks in the dephosphorylated state may somehow enhance CET. To confirm that a difference in PSI reduction under far-red illumination reflects real changes in CET capacity, we monitored transient NPQ. Transient induction of NPQ is seen in dark-adapted leaves exposed to the growth light due to a build-up of Δ pH associated with enhanced CET during photosynthetic induction, whereas in light-adapted leaves it is absent since the Calvin-Benson cycle is already active (Fig. 6h) 8, 9 . The NPQ transient was found to be suppressed in the Light/Dark+ NaF compared to the Light/Dark-NaF leaves (Fig. 6h) . The lower NPQ meant that PSII photochemical quenching is suppressed in the Light/Dark+ NaF leaves in the light due to the higher excitation pressure and recovered less in the subsequent dark period, indicative of photoinhibitory damage (Fig. 6i) 
49
. Thus, the smaller, more numerous grana stacks in the Light/Dark+ NaF leaves are associated with a lower efficiency of CET upon dark-to-light transition and thus Δ pH and protective NPQ are suppressed.
Grana stacking in plants has been suggested to create separate pools of PQ in the grana and stromal lamellae isolated by diffusion limitation 15, 16 . Indeed, it was previously shown that PSII is in fast redox contact with only around 60-70% of the PQ pool, which is reduced with a half-time of ~ 25 ms, whereas the remaining 30-40% is reduced with a half-time of ~ 6 s 15 . The fast and slow PQ pools were attributed to the grana and stromal lamellae, respectively. If the two pools were better equilibrated in light-adapted thylakoids due to faster granal to stromal lamellae PQ diffusion, as suggested by our Monte Carlo simulation, then the reduction time should be increased. Using fast PSII fluorescence induction in the presence of 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone, to block PQH 2 oxidation by cytb 6 f, allowed us to follow the rate of PQ reduction in dark-and light-adapted leaves. The PQ pool is more rapidly reduced in dark-adapted compared to light-adapted leaves, despite the identical antenna sizes (Fig. 6j) . This result could suggest that a larger pool of PQ is available for PSII to reduce in the light-adapted leaves. A similar decrease in the rate of PQ reduction was found in the Light/Dark+ NaF compared to the Light/Dark-NaF leaves, suggesting that the changes are due to the alterations in thylakoid stacking (Fig. 6k) .
Discussion
The results presented lend further support to recent work 30, 50 showing that changes in PSII and LHCII phosphorylation provoked by varying white light quantity do not significantly alter the relative antenna sizes of PSII and PSI in plants. This is a clear contrast to the changes in phosphorylation provoked by light colour, where significant changes in PSI and PSII are detected [18] [19] [20] [21] [30] [31] [32] . Unlike in state transitions where far-red light leads to complete dephosphorylation of both PSII and LHCII and low-intensity red or blue light leads to their hyperphosphorylation 30 , here CP43 was more phosphorylated in the dark and LHCII less so, while D1 and D2 phosphorylation changed little. Yet, both state transitions 29, 31, 51 and the dark-to-light transition (Fig. 1g) led to a large increase in the amount of the PSI-LHCI-LHCII supercomplex detected. How can these results be reconciled? Since in this study we found no evidence for the movement of LHCII from the grana to stromal lamellae, it is suggested that the LHCII incorporated into the PSI-LHCI-LHCII supercomplex is already present in the stromal lamellae. Indeed, as noted previously, dark-adapted stromal lamellae already contain a significant pool of L-type LHCII trimers 33 . Recent work has shown that PSI binds significantly more LHCII in vivo than can be accounted for in the PSI-LHCI-LHCII supercomplex 29, 52, 53 . The results here therefore support the idea that the L-type LHCII forms a 'lake' that serves both PSII and PSI 29 . Thus, it seems likely that the LHCII in the stromal lamellae is energetically connected to PSI irrespective of whether it can be recovered still attached to PSI by digitonin solubilization 29, 33 . In line with this, a growth-light (120 μ mol photons m −2 s −1
) to high-light (1,000 μ mol photons m −2 s −1 ) transition in Arabidopsis causes disappearance of the PSI-LHCI-LHCII supercomplex, but no decrease in PSI antenna size 30 . We suggest that the appearance of the PSI-LHCI-LHCII supercomplex may reflect phosphorylation-driven reorganization of the stromal lamellae membrane that we observe by AFM. The light-adapted state showed fewer PSI-LHCI dimers and a greater separation between PSI-LHCI complexes. Similarly, our AFM showed that the PSII nearest neighbour distance in the grana was significantly increased when LHCII was phosphorylated in the light-adapted state. These results suggest that the L-type LHCII becomes better mixed with PSI and PSII in the light-adapted state, whereas its dephosphorylation in the dark drives its selfassociation and clustering, reducing its dispersal amongst PSI and PSII. These changes are achieved without significantly altering the PSII and PSI antenna sizes as the system is so packed (70-80% protein density) that energetic connectivity is maintained irrespective of the exact arrangement of the L-type LHCII 54 .
As well as causing changes in the organization of PSI and PSII complexes within the stromal lamellae, the dark-to-light transition also caused changes in thylakoid stacking. The grana diameter and number of membrane layers per grana are decreased in the light but the number of grana per chloroplast is increased. Therefore, in light-adapted chloroplasts there is a movement towards smaller, more numerous grana. By infiltrating light-adapted leaves with NaF before dark adaptation we could show that the changes in grana stacking depend on phosphorylation. This observation is in line with the differences in thylakoid stacking observed in Arabidopsis mutants lacking the STN7 or STN8 kinases and PBCP or TAP38 phosphatases [21] [22] [23] . The organization of the grana in the dark more closely resembles that seen under high light conditions 55 , where LHCII is also dephosphorylated 26, 30 . Both dark and high light conditions lead to fewer but larger grana compared to moderate light 24 . As well as promoting increased lateral LHCII-LHCII interactions, dephosphorylation also reduces the net charge on the complex 17 , increasing the attraction between the stromal faces of LHCII in separate grana layers and enhancing grana stacking. Indeed, in plants grown on lincomycin, which largely lack PSII, huge LHCII-only grana are formed, suggesting stacking is enhanced by LHCII clustering 56 . The net result of the changes in stacking modulated by LHCII phosphorylation level is that it reduces the average distance from a complex localized within the grana to one localized within the stromal lamellae. Our Monte Carlo simulations based on the AFM and electron microscopy/SIM data predicted that these changes in grana stacking should affect the diffusion time for both PQ and PC. These predictions were born out by the faster PSI reduction kinetics in light-compared to dark-adapted leaves, indicating that the efficiency of electron flow to PSI is enhanced. In contrast, when we probed PSI reduction following far-red illumination the opposite picture emerged. Dark-adapted leaves showed faster reduction under these conditions than light-adapted leaves, consistent with enhanced CET 4 . The lower propensity for CET in light-adapted material reflects the activation of the Calvin-Benson cycle and thus diversion of electrons to LET, reducing the number of cycled NATUrE PLANTS electrons and so slowing PSI reduction following far-red illumination 4, 48 . These differences in CET activity could simply represent differences in the redox state of the stroma in dark-compared to light-adapted leaves, rather than the alterations in thylakoid structure. We tried to distinguish the contribution of these two factors using the Light/Dark+ NaF and Light/Dark-NaF treated leaves, the former retaining small grana in the dark. The results showed that following a saturating light pulse PSI reduction was still significantly faster in the Light/Dark+ NaF leaves, supporting the conclusion that electron flow to PSI is enhanced by the phosphorylationdriven reduction in grana size. This conclusion is consistent with the increased efficiency of LET in the Δ TAP38 mutant 20 , which has smaller grana and reduced LET efficiency in the Δ CURT mutant of Arabidopsis 23 , which has much larger grana. In contrast, following far-red illumination the reduction of PSI was faster in the Light/ Dark-NaF leaves, supporting the view that the dephosphorylationdriven increase in grana size in the dark enhances the efficiency of CET. This conclusion was supported by the increased transient NPQ generated in the Light/Dark-NaF leaves, that better protected PSII from photoinhibition.
Based on our findings, we hypothesize that the significance of the structural changes associated with white light-driven LHCII phosphorylation is in controlling the balance between LET and CET, rather than modifying the antenna sizes of the photosystems. In moderate light, LET predominates and LHCII phosphorylation ensures that the grana size is small and the relative area of contact with the stromal lamellae is large (Fig. 7a) . Under these conditions, PQ and PC can flow more freely from the grana to stromal lamellae because of the decreased diffusion time associated with the shorter distances involved (Fig. 7a) . The net result is a more efficient LET, since cytb 6 f in both the grana and stromal lamellae is involved in oxidizing PSII-derived PQH 2 . In the first few minutes following illumination of dark-adapted plants there is a need for enhanced CET since the PSI acceptor side is limited by the slow activation of the Calvin-Benson cycle. CET-induced build-up of Δ pH protects PSII through NPQ and avoids overreduction of PSI via downregulation of the cytb 6 f complex 6 . For efficient activation of CET there must be a relatively oxidized pool of PQ ready to accept electrons from either the NDH or PGRL1/PGR5 CET pathways. The increased grana stacking in the dark brought about by dephosphorylation of LHCII ensures this by enhancing the segregation of the granal and stromal pools of PQ associated with the cytb 6 f complexes in each domain, ensuring PSII can only reduce the granal pool on fast timescales (Fig. 7b) . It is noteworthy that very low light and high light conditions that also provoke dephosphorylation of LHCII and increased grana stacking 24 are also suggested to be associated with higher CET activities 12, 57, 58 . In conclusion, our results support the view that the domain structure of the plant thylakoid membrane ensures separate pools of PQ exist 15, 16 , which are vital to limit competition between the LET and CET pathways under conditions where significant CET is needed. Further, the dynamics of grana stacking modulated by LHCII phosphorylation probably control degree of PQ segregation and so the balance between LET and CET. ) for 1 hour according to Albertsson et al. 59 , with the addition that 10 mM NaF was included in all buffers. Grana membranes were prepared by solubilizing thylakoid membranes suspended in 5 mM MgCl 2 /10 mM NaF/10 mM HEPES-NaOH pH 7.4 at a final concentration of 0.5 mg ml −1 chlorophyll with 2% (w/v) digitonin for 1 hour on ice. Unsolubilized thylakoids were removed by centrifugation at 10,000 g for 30 minutes and the supernatant was then spun at 40,000 g to pellet the grana membranes. The pellet was then . Under these conditions the diffusion of PC and PQ between grana and stromal lamellae is relatively fast, engaging cytb 6 f in both domains efficiently in LET, which predominates over CET. b, Under dark, low light and high light conditions dephosphorylation of LHCII strengthens LHCII-LHCII interactions resulting in fewer, larger grana, reducing the area of contact between the grana membranes (light green) and stromal lamellae/grana end membranes (dark green). Under these conditions the diffusion of PC and PQ between grana and stromal lamellae is relatively slow, leaving the stromal lamellae PQ pool in a more oxidized state that promotes efficient CET.
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resuspended in 5 mM MgCl 2 /10 mM NaF/10 mM HEPES-NaOH pH 7.4 and centrifuged on a 10-45% (w/w) continuous sucrose density gradient containing 10 mM NaF/10 mM HEPES-NaOH pH 7.4/0.1% digitonin using a Beckman SW41 rotor at 200,000 g for 2 hours. Stromal lamellae membranes were prepared by solubilizing thylakoid membranes suspended in 5 mM MgCl 2 /10 mM NaF/10 mM HEPES-NaOH pH 7.4 at a final concentration of 0.5 mg ml −1 chlorophyll with 0.75% (w/v) digitonin for 1 hour on ice. Unsolubilized thylakoids and grana membranes were removed by centrifugation at 40,000 g for 30 minutes and the supernatant was then centrifuged on a 10-45% (w/w) continuous sucrose density gradient containing 10 mM NaF/10 mM HEPES-NaOH pH 7.4/0.1% digitonin using a Beckman SW41 rotor at 200,000 g for 2 hours.
SDS-PAGE.
Membranes (5 μ g of chlorophyll) were solubilized in Laemmli buffer and separated by SDS-PAGE and stained with Coomassie according to Benson et al. 29 . Diamond Pro-Q Phospho staining (Life Technologies) and immunoblotting using an anti-PetC antibody (Agrisera) were performed as previously described by Mekala et al. 30 .
BN-PAGE.
Grana membranes were solubilized with 0.5% (w/v) n-hexadecyl β -d-maltoside/0.2% (w/v) n-dodecyl α -d-maltoside and stromal lamellae by 2% (w/v) digitonin both for 10 minutes at room temperature. The samples were then subjected to BN-PAGE and subsequently separated by two-dimensional denaturing PAGE as described by Mekala et al.
30
.
Low-temperature fluorescence spectroscopy. The 77 K fluorescence spectroscopy was carried out as described by Benson et al.
29
PSI absorption measurements. P700 absorption was measured in the dualwavelength mode (830 nm-875 nm) of the Dual PAM 100 (Walz). P700 + oxidation kinetics ( Supplementary Fig. 1a) were measured on light-or dark-adapted leaves vacuum infiltrated with 30 μ M 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)/1 mM methyl viologen/50 mM NaF/10 mM HEPES-NaOH pH 7.4/150 mM sorbitol. Under these donor-limited conditions the rate of photooxidation of P700 is directly proportional to the PSI antenna size 60 . The light intensity was 12 μ mol photons m −2 s −1
. P700 reduction was measured on the same device following a 250 ms light flash with an intensity of 2,000 μ mol photons m −2 s −1 using light-or dark-adapted leaves vacuum infiltrated with 50 mM NaF/10 mM HEPES-NaOH pH 7.4/150 mM sorbitol with (Fig. 6d) or without 1 mM methyl viologen (Supplementary Fig. 5d ). P700 reduction was also monitored following 20 s of far-red light (720 nm) with an intensity of 100 μ mol photons m −2 s −1 using light-or dark-adapted leaves vacuum infiltrated with 50 mM NaF/10 mM HEPES-NaOH pH 7.4/150 mM sorbitol (Fig. 6f) .
PSII fluorescence induction measurements. Chlorophyll fluorescence induction for determination of PSII antenna size ( Supplementary Fig. 1b) was measured with a Dual PAM 100 (Walz) on light-or dark-adapted leaves infiltrated with 30 μ M DCMU/50 mM NaF/10 mM HEPES-NaOH pH 7.4/150 mM sorbitol using a light intensity of 12 μ mol photons m −2 s −1 . The fluorescence rise time from Fo to Fm is inversely proportional to the antenna/RCII chlorophyll ratio (PSII antenna size) quantified as described previously 54 . The reduction of PQ (Fig. 6j) was assessed using chlorophyll fluorescence induction in light-and dark-adapted leaves infiltrated with 20 μ M nigericin/80 μ M 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBIMB)/50 mM NaF/10 mM HEPES-NaOH pH 7.4/150 mM sorbitol either by continuous illumination using a light intensity of 6 μ mol photons m −2 s , then vacuum infiltrated with 10 mM HEPES-NaOH pH 7.4/150 mM sorbitol either with 50 mM NaF (Light/Dark+ NaF) or without (Light/Dark-NaF), and then dark adapted for a further 1 hour before the measurements.
AFM. Grana and stromal lamellae membrane fractions obtained from the sucrose gradients were diluted tenfold and adsorbed to freshly-cleaved mica for 15 minutes in 10 mM HEPES (pH 7.4), 5 mM MgCl 2 and 125 mM KCl and imaged in the same buffer. Imaging was performed using PeakForce quantitative nanomechanical mapping mode on a Bruker Multimode VIII AFM. Bruker SNL-10 C triangular probes (nominal spring constant: 0.24 N m -1 ) were used. During imaging the PeakForce setpoint was set at 0.03-0.04 V in order to prevent damage to the probe and sample. The PeakForce amplitude was set at 15 nm. ATP synthase into 1,2-dioleoyl-sn-glycero-3-phosphocholine liposomes. B. taurus ATP synthase was purified according to reference 42 . 1,2-Dioleoyl-sn-glycero-3-phosphocholine (1 mg ml
Incorporation of B. taurus
) was prepared in 20 mM MOPS (pH 7.8), 20 mM NaCl and was extruded 40 times using a 200 nm filter. ATP synthase was added at a ratio of 50 µ l per 200 µ l liposomes and was incorporated into the liposomes in the presence of 0.004% n-dodecyl β -d-maltoside for 1 hour on ice.
Data analysis and visualization. All graphs were created using Graphpad Prism 7. PSII fluorescence induction and PSI absorption curves show mean ± s.e.m. at each time point. All box plots contain error bars which display mean ± s.d. AFM images were produced using Bruker's NanoScope Analysis 1.5 software. Membrane cross-section data were extracted using NanoScope Analysis 1.5 and displayed using Graphpad Prism 7. Particle coordinates were extracted from AFM images using the read value under mouse cursor function of Gwyddion 2.42. Heights of the particles, as measured from the membrane and the mica, were calculated by subtracting the heights of the membrane and mica, respectively, from the raw height measurement of the particle. In all images, a plane was fitted through three points on the mica surface and subtracted to remove any tilt and the minimum z value was set to zero before measurements were taken. Nearest neighbour distances between particles refer to lateral distance √ (∆ x 2 + ∆ y 2 ) and were calculated using a custom Python script. Histograms along with Gaussian least-square fit curves for both height and nearest neighbour analyses were produced using Graphpad prism 7. PDB structures were displayed using PyMOL software.
Modelling and Monte Carlo simulation. Random walk simulations were carried out on a two-dimensional or three-dimensional (for PQ and PC simulations, respectively) square lattice with 1 nm spacing, for interface sizes ranging from 10-90% grana perimeter. Diffusion coefficients for PQH 2 and PC of 3.5 × 10 −7 cm 2 s −1 and 0.9 × 10 −8 cm 2 s −1 were used, respectively 61, 62 . The grana were composed of two layers separated by 10 nm (Fig. 6a ) and had radii of 190 nm (dark) and 170 nm (light) (as per Fig. 5b ). Each contained particles of radius 6.7 nm at a density of 1.14 × 10 −3 nm −2 (determined from AFM data). We assumed equal numbers of C 2 S 2 and C 2 S 2 M 2 PSII-LHCII supercomplexes (Fig. 1g) and an additional 2.5 LHCII trimers per each PSII RC 63 . Cytb 6 f particles were added to the grana and stromal lamellae at a ratio of 30/70 (Fig. 1b) and at a density of 60% of the number of PSI 64 . The stromal lamellae consisted of two layers, also separated by 10 nm, each a 50 nm concentric circle of the grana (in order to produce a PSI/PSII of 1.13 63 ), containing particles of radius 5 nm at a density of 2.45 × 10 −3 nm −2 (determined from AFM data). The particle radii were determined from the smallest observed nearest neighbour values in the AFM data. The grana particles (taking into account the approximation of 1 nm for the radius of PC) protruded into the lumenal space effectively by 5 nm as cylinders of radius 6.7 nm. For each random walk simulation, a PQH 2 was spawned at a random PSII site and allowed to move by Brownian motion until a cytb 6 f was reached. For plastocyanin, the particle was spawned at a random grana particle and a random walk was generated until the plastocyanin particle came within the radius of a PSI particle in the stromal lamellae. The number of time steps was recorded and converted into time using the equation:
where X is the grid spacing of 1 nm as previously described and d is the dimensionality. For end-membrane PC transport, one of the grana layers was replaced with a layer of stromal lamellae of the same size.
To calculate diffusive times for general PC transport incorporating endmembranes, times for PC diffusion were sampled from the distributions of grana to stromal lamellae PC transport and grana to end membrane PC transport with probabilities of , respectively, where N was the average number of lumenal spaces per grana stack as measured using thin-section electron microscopy.
Structured illumination acquisition and analysis. Intact chloroplasts prepared as in Johnson et al. 55 were sealed in Vectashield (Vector Laboratories) and imaged on a DeltaVision OMX V4 microscope (GE Healthcare) equipped with the Blaze-3D SIM module and 60 × 1.42 oil planapochromat lens. Chloroplast fluorescence was excited with a 642 nm laser and the emission was collected through a 683/40 nm bandpass filter. The structured illumination pattern was projected onto the sample in a series of five phases for each of three angles leading to a total of 15 images per axial slice. The three-dimensional image was acquired via sectioning with a two-dimensional slice separation of 125 nm. The final super-resolution image was reconstructed with the SoftWoRx OMX 6.0 software (GE Healthcare). Grana widths were measured as the full-width half-maximum of a line profile across the granal-midpoint in images that had been thresholded and 16-bit converted with the SIMcheck plugin for ImageJ.
Electron microscopy. Spinach leaves were fixed by infiltrating with 3% glutaldehyde/0.1 M sodium cacodylate buffer overnight, washed in buffer and postfixed 2% osmium tetroxide, washed briefly in water and dehydrated through NATUrE PLANTS a graded series of ethanol treatments, cleared in epoxypropane and infiltrated in a 50/50 araldite resin/epoxypropane mixture overnight on a rotor. This mixture was replaced two changes, over 8 hours, with fresh araldite resin mixture before being embedded and curing in a 60 °C oven for 48- In cases where data was acquired from images (e.g. grana width from SIM images) the sample size was determined by the number of available images which were of sufficiently high quality to make accurate measurements. For time-resolved fluorescence/absorption a sample size of 5 was most commonly used and the curve displays the mean +/-standard error. This was simply to improve signal/ noise.
Data exclusions
Describe any data exclusions. As stated above, only images of sufficiently high quality or resolution were included in data analysis. For this reason, there were occasions where images were excluded.
Replication
Describe whether the experimental findings were reliably reproduced.
Experiments were successfully replicated.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
N/a
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
N/a
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
Graphpad Prism 7 was used to produce all graphs and carry out statistical tests. Nanoscope 9.1 (Bruker) and Nanoscope Analysis (Bruker) for AFM imaging and image analysis respectively. SIM images were reconstructed using SoftWoRx OMX 6.0 software (GE Healthcare). EM images were analysed using imageJ. Modelling and simulation (Figs. 6a,b,c and Supplementary Figs 5a,b,c) were all carried out using custom-written Python (3) programs.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species). N/a
